We report a universal protocol for the in situ bioinspired green synthesis of metal (Pd, Pt, Ag and Au) nanoparticles (mNPs) on simultaneously reduced graphene oxide (rGO) sheets using a black pepper extract (BPE) for quantification and kinetic analysis of epidermal growth factor receptor (ErbB2) for application to breast cancer diagnostics. The phytochemicals present in BPE were found to assist the reduction, stabilization, and surface addition of mNPs onto rGO sheets. The antioxidants present in the BPE assist the formation of a "green corona" on the surface of derived G-mNPs@rGO (G-Pd@rGO, GPt@rGO, G-Ag@rGO, and G-Au@rGO) sheets as corroborated by DLS and FT-IR experiments. These bioinspired derivatives provided biocompatible surfaces, resulting in higher cell viability compared to that of chemically derived composites, C-mNPs@rGO (C-Pd@rGO, C-Pt@rGO, C-Ag@rGO, and C-Au@rGO).
Introduction
With recent advances in graphene-based technology, graphene oxide (GO), a quasi-two-dimensional single layer of graphite 1, 2 has been predicted to revolutionize point-of-care (POC) biosensors, intracellular analysis, bio-distribution, bioimaging, and gene mapping. [3] [4] [5] [6] [7] According to the Lerf-Klinowski model, the reactive oxygen groups (carboxylic acid, epoxy, and hydroxyl) in GO sheets can be functionalized to facilitate binding of antibodies, DNA, sRNA, 8 etc. For fabrication of the nano-bioelectronic devices, the disrupted sp 2 bonding GO network can be restored via reduction reactions that may result in improved electrical conduction and transport characteristics utilizing the tunable chemistry and atomic structure of GO. [9] [10] [11] [12] [13] Many processes have been proposed for efficient restoration of the graphitic structures in GO. 11 In particular, reduction of GO produces higher electrical conductivity, that may lead to improved characteristics of a nanobioelectronic device.
Chemical reductants (hydrazine, sodium borohydride, etc.) can be used to introduce heteroatomic impurities on the surface of GO sheets, and the formation of hydrazones, amines, aziridines, etc., can affect the electronic structure of resulting reduced graphene oxide (rGO). 12, 13 The structural damage to the GO sheets arising from the release of carbon dioxide during the process of thermal reduction may decrease the ballistic transport path length by introducing scattering sites.
14 The toxicity of chemically derived rGO is known to be harmful for biological systems 15, 16 and is a major concern for both in vitro and in vivo applications that require direct contact with human cells. 17 The trace amounts of these toxic reductants on rGO surfaces may lead to a loss of protein structure and activity. 18 In addition, the rGO synthesized using chemicals like NaBH 4 have been found to be very toxic leading to depletion of the mitochondrial membrane potential and promote the production of intra cellular reactive oxygen species (ROS).
Functionalization with phytochemicals may diminish toxicity by providing a biocompatible layer due to the presence of different biomolecules leading to biocompatible rGO. 21 Thus, biologically derived rGO and nanocomposites offer a sustainable solution for reduced toxicity. 20 The phytochemical rich species with immense reducing capability may function as universal reducing agents for GO and noble metal salts. In addition, the bioinspired green reduction method offers the advantage of a one-step synthesis of nanomaterials in comparison to the conventional multi step synthesis process of utilizing different chemicals as reducing and stabilizing agents. 23 Green reduction with biological species is a mild process that may prevent agglomeration of rGO and composites. [24] [25] [26] Interaction of a biological molecule with a nanostructured material may facilitate the formation of corona that may signicantly inuence the mode of interaction with target biomolecules and modulate cytotoxicity of the nanomaterial.
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The phytochemical-derived, green-corona-mediated interfaces may also promote immobilization of biomolecules (e.g. antibodies) by establishing a biocompatible layer that may prevent conformational changes of the binding sites and hence maintain structural integrity of a protein/antibody. Due to presence of the different functional groups, phytochemicals may offer increased binding sites for the desired antibodies resulting in a high performance biosensing device.
The natural spice black pepper (Piper nigrum) is a seasoning component that can be exploited as a reducing, surfacemodifying, and stabilizing agent for uniform decoration of mNPs to the simultaneously reduced GO. In a phytochemical reduction, polyphenols, on oxidation, are converted to quinones. 26, 27 We present a bioinspired green approach for simultaneous in situ reduction of the noble metal (Pd, Pt, Ag, and Au) nanoparticles and GO using black pepper (BP) extract. As shown in the Fig. 1 and Scheme S1, † BP contains a large number of phytochemicals including piperine, hinkonin, pipertine, piperolin, piperide etc. These phytochemicals rich BP may work as efficient reducing agents for the green synthesis of metal nanoparticles as reported by Augustine et al. 28 Apart from working as reducing agent, it also helps in stabilizing nanoparticles suspension in aqueous medium over a longer period of time. In this regard, utilization of BP extract for the simultaneous reduction of GO and noble metal salts to achieve mNPs decorated rGO sheets, is an eco-friendly route to obtain a biocompatible nanocomposite for biosensing application. In addition to these phytochemicals present in the BP that are known to have antioxidant properties, naturally occurring antioxidants such as piperine are reported to be very effective in inhibiting the induction of carcinogenesis. 29, 30 Piperine is known to be the main component responsible for the biocompatible behavior of BP, as it promotes inhibition of the reactive oxygen species, the main cause of toxicity of the carbon based materials in cell culture medium.
31,32
The availability of oxygenated functional groups on the basal and edge plane of the GO make these areas for growth and nucleation of mNPs.
33-36 mNPs conjugated with ErbB2 antibodies may perhaps be utilized to obtain improved biosensor efficacy. 37 In this report, we present results of the investigations relating to the toxic effect of rGO: both chemically derived CmNPs@rGO (C-Pd@rGO, C-Pt@rGO, C-Ag@rGO, and CAu@rGO) and bioinspired green-derived G-mNPs@rGO (GPd@rGO, G-Pt@rGO, G-Ag@rGO, and G-Au@rGO) composites in the presence of MCF-7 cell line using the MTT assay. We have also performed a comparative analysis of bioinspired-and chemically derived mNPs@rGO nanosheets for protein binding and breast cancer biomarker (epidermal growth factor receptor 2; ErbB2) detection using antibody-antigen interactions.
Experimental

Chemicals
Graphite powder akes (50 mm, >99.99 wt%) were obtained from Sigma Aldrich, USA. were procured from National Centre for Cell Sciences (NCCS), Pune, India.
Preparation of black pepper extract
To prepare BPE, 10 g of black pepper seed was washed several times with deionized (DI) water to remove any impurities and then immersed in 40 mL of DI water for 12 h at room temperature (27 C). The percentage distribution of phytochemical components present in BP extract (BPE) is shown in the pie diagram (Scheme S1, ESI †). This solution was ltered using lter paper (Whatman Grade no. 40) and then centrifuged at 8000 rpm for 15 minutes and supernatant was collected and stored at 4 C until use.
Bioinspired synthesis of G-mNPs@rGO hybrids
Prior to green reduction, GO was synthesized according to a procedure reported in literature. 38 Graphite akes (2.0 g) and KMnO 4 (12 g ) were added to a mixture of concentrated H 2 SO 4 and H 3 PO 4 , (9 : 1 v/v, 240 mL/26.7 mL). KMnO 4 was added slowly over 15 min to prevent any explosion due to exothermic nature of reaction. The reaction mixture was kept for about 12 h at 50 C with magnetic stirring. The reaction was quenched by adding 300 mL of ice with 2.5 mL of H 2 O 2 (30% w/w). A yellow colored slurry was obtained, centrifuged and ltered using HCl (30% w/v) and nally washed with distilled water until the pH $7.0 was reached. To obtain a solid, dry powder of GO, the product was dried at 65 C.
The green synthetic strategy aimed at achieving a single step simultaneous, natural product derived green reduction of GO and metal salts (Pd 2+ , Pt 4+ , Ag + , and Au 3+ ) resulting in a G-rGO platform covered with corresponding nanoparticles using BPE for each metal was as follows: G-Pd@rGO composite preparation, 5 mg of PdCl 2 was added to 10 mL of GO aqueous suspension (1.0 mg mL À1 ) and the resulting mixture was aged for 30 min at 50 C to allow the interaction of palladium ions with the dispersed GO surface. Subsequently, BPE (2.5 mL) was added drop wise to the prepared suspension that was kept at 80 C for 12 h to reduce both the GO and Pd(II) complex.
Synthesis of G-Pt@rGO, 10 mL of an aqueous suspension of GO (1 mg mL À1 ) was mixed with 10 mL of H 2 PtCl 6 $6H 2 O (7 mM) followed by addition of 2.5 mL of BPE solution and was kept at 70 C on a magnetic stirrer for 10 h. The light brown colour of this solution changed to black aer 10 h resulting into simultaneous reduction of both Pt 4+ ions and GO. In case of the GAu@rGO, 1 mL of AuCl 4À (10 mM) was mixed into 10 mL of GO aqueous solution (1.0 mg mL À1 ), and subsequently, 2.5 mL of BPE solution was added drop wise, and the reaction temperature was maintained at 50 C for 12 h. Similarly, the GAg@rGO composite was synthesized by adding 10 mL of AgNO 3 solution (5 mM) into 10 mL of an aqueous suspension of GO (1 mg mL À1 ) plus 2.5 mL of BPE solution and the reaction was conducted for 8 h.
For conversion of GO to rGO, 2.5 mL of BPE solution was added to 10 mL of GO (1.0 mg mL À1 ) solution and the reaction was maintained at 80 C for 8 h. All the four resulting nanohybrids and BPE derived rGO were washed with distilled water and centrifuged (5000 rpm) to remove any residue from the solution. For natural synthesis of the different metals such as Pd, Pt, Ag, and Au on rGO nanosheets, we varied the reaction times and temperatures due to their different nucleation energies and growth mechanism.
Chemical synthesis of C-mNPs@rGO
We adopted the protocols available in literature for the chemical synthesis of AuNPs, AgNPs, PtNPs, and PdNPs on rGO.
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Fabrication of biosensing platforms
To prepare biosensing electrode, 20 mL of a colloidal suspension of G-mNPs@rGO was uniformly spread onto hydrolyzed indium tin oxide (ITO) coated glass substrate and kept at 60 C for 4 h.
The electrode was treated with EDC-NHS solution for about 4 h to activate the functional groups (-COOH) present on the rGO sheets. The EDC (0.2 M) acted as a coupling agent and the NHS (0.05 M) worked as an activator. The EDC-NHS coupling chemistry was used to bind rGO to antibody (anti-ErbB2) via covalent amide bond formation on transducer surface. AntiErbB2 solution (0.02 mg mL À1 ) was spread on the GmNPs@rGO surface overnight in a humidity chamber at 4 C followed by washing with PBS to remove any unbound antiErbB2. The amide (CO-NH) groups were formed between the -COOH groups of G-mNPs@rGO and -NH 2 terminal groups of anti-ErbB2. Lastly, 20 mL of BSA (2 mg dL À1 ) was used to block the non-specic adsorption of anti-ErbB2 (Scheme 1).
Cytotoxicity tests
Human breast cancer cells MCF-7 were maintained in DMEM containing 10% FCS (Gibco, Invitrogen) and 1% antibiotic (Sigma A5955). Prior to seeding, the cells were dissociated with non-enzymatic cell dissociation buffer (Sigma C5789) and resuspended in fresh media. 8000 cells per well were seeded in 96 well plates and le overnight for attachment. The colloidal suspensions of GO, G-rGO, G-Pd@rGO, G-Pt@rGO, G-Ag@rGO, G-Au@rGO, C-Pd@rGO, C-Pt@rGO, C-Ag@rGO, and C-Au@rGO were serially diluted by 3 fold in the serum free medium. The cells were treated with undiluted and diluted compounds for 24 h at 37 C in a CO 2 incubator with untreated cells as control.
The viability was assessed by MTT assay carried out by incubating cells with an MTT reagent (0.05 mg mL À1 in serum free medium) for 4 h at 37 in CO 2 incubator. The formazan crystals formed were dissolved in 100 mL DMSO. The plates were incubated for 15 minutes at room temperature (25 C) and absorbance was measured at 570 nm with a reference of 630 nm. MCF-7 cells when treated with GO, G-Pd@rGO, G-Pt@rGO, GAg@rGO, G-Au@rGO were examined for viability and LD (lethal dose) 50 values were calculated on the basis of viability curves. Viability was determined as percentage of absorbance of treated samples versus untreated samples. GO, G-rGO, Pd@rGO, Pt@rGO, Ag@rGO and Au@rGO with and without green reduction showed dose dependent toxicity throughout the wide range of concentration (19 mg mL À1 to 500 mg mL À1 ). The LD 50
values for nanocomposites G-Pt@rGO and G-Ag@rGO were determined to be 56 mg mL À1 and 80 mg mL À1 , respectively. The G-Pd@rGO nanocomposite exhibited the highest toxicity compared to other green nanocomposites and all the cells were affected even at concentrations as low as 18.5 mg mL À1 . The GAg@rGO nanocomposite showed the highest viability at concentrations of 56 and 167.67 mg mL À1 . The BPE showed no toxicity and cells were found to be viable even at high concentration of 500 mg mL À1 arising due to presence of available biological components. A histogram plot indicated the value of LD 50 for GO and all the composites and it varied as G-rGO > GAg@rGO > GO > G-Pt@rGO > G-Au@rGO > G-Pd@rGO (Fig. S1 , ESI †). The incorporation of metal nanoparticles on G-rGO surface resulted in increased surface area which perhaps facilitated binding with cell surface. Further, cell viability of chemically derived reduced graphene oxide (C-rGO) and other composites C-mNPs@rGO (C-Pd@rGO, C-Pt@rGO, C-Ag@rGO and C-Au@rGO) were performed under similar experimental conditions as mentioned above. The cell viability of C-rGO found to be very low as the residues of NaBH 4 present on the surface of C-rGO, perhaps resulted in the depletion of mitochondrial membrane generating higher reactive oxygen species. The chemically derived composites showed cytotoxicity in the concentration manner as the C-Ag@rGO and C-Pd@rGO exhibited the lowest cell viability at the 167.6 mg mL À1 , while at the concentration of 55.56 mg mL À1 cell viability for CAg@rGO was found to be very less as compared to chemically derived composites.
Instrumentation
The growth of metal nanoparticles (Pd, Pt, Ag and Au), GO, GrGO and mNPs@rGO nanocomposites was monitored using UV-visible spectrometer and transmission electron microscopy (TEM; JEOL JEM-2000 EX). The green reduction of GO was conrmed by Raman spectroscopy (WiTec, Germany that had a laser light source of 532 nm wavelength) and Fourier transform infrared spectroscopy (FT-IR; Perkin-Elmer, Model 2000). The elementary (EDX) studies were investigated using scanning electron microscope (SEM, LEO-440). The electrochemical studies such as cyclic voltammetry, electrochemical impedance spectroscopy were performed using an Autolab Potentiostat/ Galvanostat (Electrochemical analyzer; AUT-84275) in PBS at pH 7.4 containing 5 mM of [Fe(CN) 6 ] 3À/4À as a redox species.
Results and discussion
Structural and morphological analysis
Transmission electron microscopy (TEM) studies were used to unravel the morphology, shape, and size of the green-reduced GO (G-rGO), metal NPs, and metal-rGO composites [ Fig. 1 ].
The G-rGO images show wrinkles and folds, arising due to p-p interactions of the sheets [ Fig. S2 †] . In addition to this, oxygen moieties present on the GO surface perhaps provided nucleation sites for growth of the metal NPs. On the basis of the density functional theory (DFT), the most highly preferred locations for the metals on graphene could be predicted 43 as the center of the hexagonal ring position (H sites), corner sites directly above C atoms (T sites), and the bridge sites above C-C Scheme 1 Pictorial representation of G-mNPs@rGO platforms (A) chemical structure of various biomolecular components in BPE, (B) simultaneous green reduction of metal salts and GO using BPE and (C) immobilization of antibodies on G-mNPs@rGO platforms for breast cancer detection.
bonds (B sites) [ Fig. S3 †] . The oxygen groups provided a negatively charged GO surface that perhaps interacted with the free Pd 2+ , Pt 4+ , Ag + , and Au 3+ ions via electrostatic interactions.
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The formation of a green-corona on G-mNPs@rGO nanosheets is demonstrated in Fig. 1(a) . The images [ Fig. 1(b and c)] show results of the HRTEM investigations of G-Pt@rGO composites. Aer reduction, the PdNPs with an average size of $7 nm appear to be partially uniformly distributed on GO sheets (b and c). Similarly, rGO sheets perhaps provided the nucleation site for uniform growth and distribution of PtNPs [ Fig. 1(d and e) ]. The image (c) shows the 3D "top-like" structure (size: $15 nm; G-Pt@rGO) of PtNPs. The AgNPs (size: $10 nm) were uniformly distributed and attached to the G-rGO sheets aer green reduction (Fig. 1(f and g) ). Fig. 1(h and i) shows different 3D structures including triangular, spherical, and hexagonal shapes of AuNPs (image i) aer green reduction of the Au salt. More details have been described in ESI. †
The TEM studies on the chemically derived mNPs and rGO composites including C-Pd@rGO, C-Pt@rGO, C-Ag@rGO, and C-Au@rGO [ Fig. S4 †] were carried out. In all cases, the multistep synthesis process utilizing different chemicals as reducing and stabilizing agents resulted in non-homogeneous distribution and non-selective growth of mNPs on the surface of GO sheets. The bioinspired green synthesis is thus, a potential approach for uniform coverage and growth of mNPs on rGO sheets.
The results of elemental analysis studies revealed that GmNPs@rGO sheets interactions could be quantied [see (Fig. S5 †) the atomic ratio and weight percentage of the various nanocomposites. We also conducted the TEM studies on the chemically derived mNPs and rGO composites including C-Pd@rGO, C-Pt@rGO, C-Ag@rGO, and C-Au@rGO [ Fig. S5 (ESI †) ].
Spectroscopic analysis
To conrm the formation of green derived noble metal, rGO, and G-mNPs@rGO, Fourier transform infra-red (FT-IR), UVvisible and Raman studies were conducted [ Fig. 2] . The results of FT-IR studies revealed the presence of functional groups in chemically exfoliated graphite, natural product derived rGO nanosheets and BPE [ Fig. 2(a and b) ]. An intense peak seen at 1600 cm À1 was assigned to the O]C-N (amide bond) and was perhaps due to the presence of piperine, piperolein B, piperaide, and piperettine in BPE leading to the formation of greencorona on the surface of the natural product derived nanomaterials. In the FT-IR spectra of G-rGO, an additional peak appeared at 1586.2 cm À1 due to the O]C-N stretch resulting from BPE coating of the GO surface. The peak found at 1235 cm À1 indicated C-N stretching in the natural product derived GrGO. To further conrm, Raman spectroscopy was utilized to corroborate the green reduction of GO [ Fig. 2(c) ]. The increased I D /I G intensity ratio of GO suggested decrease in the average size of the sp 2 domains on reduction of exfoliated GO that created numerous graphitic domains that were perhaps smaller than in the exfoliated GO. Table S1 † shows the peak positions of the Gband as well as their le and right widths at half-maximum. The crystallite size of G-rGO was smaller (22.3 nm) compared to that of GO (22.9 nm) due to reduction of oxygen functionalities during green reduction. More details on the results of FT-IR and Raman studies are given in the ESI. † To investigate the nucleation and growth of metal NPs, we performed the UV-visible spectroscopic measurements at various steps during green synthesis of G-mNPs@rGO composites. The results of the UV-visible studies [ Fig. 3(d) and S6 †] were further conrmed via simultaneous in situ reduction of metal salts (Pd, Pt, Ag, and Au) on GO sheets. The characteristic peaks of G-rGO and GO found at 270 nm and 230 nm (due to p-p transitions), respectively, suggested the reduction of GO sheets. The observed shi in wave number for G-rGO could be assigned to the reduction of functional groups by the green method. The green reduction of GO-Au salt resulted in two peaks at 270 nm and 539 nm arising due to the formation of G-rGO and AuNPs, respectively. The peak at 539 nm was due to inherent plasmonic properties of the AuNPs. More details on the results of UV-visible studies are demonstrated in Fig. S6 . † Dynamic light scattering (DLS) measurements were performed to measure the size of the synthesized GO and its green derivatives (see Fig. S7 † for explanation). The value of zeta potential of the G-Pd@rGO, G-Pt@rGO, G-Ag@rGO, and G-Au@rGO was found to be as À14.7, À16.4, À19.0, and À2.31 mV, respectively (Table S2 †).
Cell viability studies
Effects on cell viability of the different derivatives of GO obtained via green and chemical routes were assessed using MCF-7 cell lines. Natural product modied GO and mNP composites, G-rGO, G-Pd@rGO, G-Pt@rGO, G-Ag@rGO, and G-Au@rGO were found to be less toxic than their chemically derived counterparts. The un-reduced GO was used as a control during all the experiments. The nanocomposites such as G-Pt@rGO and G-Ag@rGO were found to have mild toxicity and their LD (lethal dose) 50 values were less than 100 mg mL
À1
. The observed high toxicity of NaBH 4 in C-rGO (chemically derived GO) was in agreement with the report available in literature 16 and was perhaps due to depletion of the mitochondrial membrane potential, resulting in enhanced production of intracellular reactive oxygen species (ROS). In comparison, the BP derived GrGO was found to be non-toxic and cell viability was determined to be very high at 500 mg mL À1 (Fig. 3) . This was attributed to the formation of a "green corona" on the surface of G-rGO prevents oxidative stress.
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Biomolecules such as proteins and enzymes are known to mitigate the toxicity by decreasing ROS. It appeared that green phytochemical residues attached onto the surface of the G-rGO perhaps played an important critical role in the observed higher cell viability. 16, 46 The non-toxic behavior of BPE was conrmed because cell viability was maintained at even higher concentrations. As mentioned earlier, piperine is a major chemical component of BPE and is known to have strong antioxidant properties.
24 Antioxidants such as piperine are known to protect against oxidative damage by inhibiting generation of ROS and free radicals. [29] [30] [31] 47 The green corona incorporating these antioxidants thus played an important role in decreasing the cytotoxicity. The results of microscopic imaging studies suggested that green derived G-mNPs@rGO interacted with the cell surface [ Fig. 3(a) ]. The results of cell viability (%) obtained for the various green and chemically reduced nanomaterials are shown in Fig. 3(b) . The histogram plot shows that the maximum value of lethal dose 50 (LD 50 ) was observed for G-Au@rGO NPs [ Fig. S1 (ESI †)]. All the chemically prepared compounds, CmNPs@rGO, showed high toxicity across the concentration range (19 mg mL À1 to 500 mg mL À1 ) compared to that of GmNPs@rGO. Cell viability follows the order G-rGO > GAu@rGO > G-Ag@rGO > G-Pd@rGO > G-Pt@rGO. These metal-rGO composites were not washed off even aer rinsing with PBS, indicating strong interaction with the cell membrane resulting due to presence of electrostatic interaction between negatively charged cell surfaces and positively charged GmNPs@rGO particles as shown by the results of zeta potential experiments.
Electrochemical studies
The results of cyclic voltammetry (CV) studies conducted on GO revealed that the oxidation peak current (435 mA) at 0.4 V, increased to 462 mA [ Fig. 4(a) ] for G-rGO due to reduction of the functional groups. The negatively charged species (hydroxyl, carboxyl, epoxy etc.) perhaps repelled the similarly charged ferro/ ferricyanide ions during oxidation/reduction resulting in decreased current. The observed higher current in G-rGO was perhaps due to the presence of phytochemicals on its surface that may facilitate heterogeneous electron transfer (HET) between the electrode and electrolyte. The effective electrochemical area (EAeff) was estimated using the Randles-
; where i p , n, n, A eff , D and C are the peak current, the number of electrons appearing in half-reaction for the redox couple (n ¼ 1), the scan rate, the effective electrochemical area, the diffusion coefficient, and the surface concentration, respectively. The effective electrochemical area (EA eff ) of G-rGO (0.544 cm 2 ) was higher than that of GO (0.498 cm 2 ). In GO electrode, the diffusion co-efficient of [Fe(CN) 6 ) due to the large number of negative charges at GO.
The incorporation of AgNPs into the G-rGO sheets resulted in increased oxidation peak current (689 mA). The AgNPs perhaps inuenced the oxidation/reduction of [Fe(CN) 6 ] 3À/4À due to excellent electrocatalytic activity of redox species suggesting higher electron transfer kinetics. The values of diffusion coefficient (8.52 Â 10 À5 cm 2 s À1 ) and EA eff (0.846 cm 2 ) were found to be increased due to addition of AgNPs to the G-rGO surface. Table S3 † describes results of the electrochemical studies conducted using the various electrodes. In the presence of metal nanoparticles at the G-rGO surface, the oxidation peak current, diffusion co-efficient and EA eff were found to be enhanced as compared to those of the GO and G-rGO based electrodes. The higher EA eff of mNPs-G-rGO was due to incorporation nano-sized metal nanoparticles into G-rGO sheets which may facilitate higher electron transfer properties as compared to the bare G-rGO. The oxidation current, diffusion co-efficient and EA eff of G-Ag@rGO composite were the highest for all these composites. Thus, AgNPs on the G-rGO surface facilitated electron transfer most effectively. The value of HET rate constant (K e ) obtained for GO was higher than that of the G-rGO electrode due to reduction of the oxygen functional groups [ Fig. 4(b) ]. It appeared that the incorporation of the mNPs inuenced the charge transfer properties of the nanocomposites resulting in variation of HET during redox reaction of [Fe(CN) 6 ] 3À/4À . The value of HET obtained for these composites followed the order: G-Ag@rGO > GAu@rGO > G-Pt@rGO > G-Pd@rGO composite. The higher HET value of G-Ag@rGO electrode was perhaps due to intrinsic catalytic properties of AgNPs onto G-rGO nanosheets and its higher density of AgNPs on G-rGO sheets as compared to other metal nanoparticles onto G-rGO nanosheets as evidenced by TEM studies (Fig. 1) .
The value of charge transfer resistance (R ct ), determined using electrochemical impedance spectroscopy (EIS), was found to be 1.45 kU for GO, which was higher than that for G-rGO (1.03 kU) [ Fig. S8 †] . The presence of increased number of functional groups (carboxyl, hydroxyl, epoxy etc.) in GO resulted in higher R ct . It appears that negatively charged GO sheets on the surface of electrode perhaps repelled the negatively charged ferri/ ferrocyanide ions in bulk solution.
Detection of breast cancer biomarkers
In order to estimate the concentration of breast cancer biomarker antigen, EIS measurements were performed as a function of ErbB2 concentration (1.0 fM to 0.5 mM) using both bioinspired green and chemically derived metal-rGO immunoelectrodes. Fig. S9(a-d) and S10(a-d) † show the spectra ions resulting in higher R ct . The variation of R ct values obtained for each of the electrode as a function of ErbB2 is shown in Fig. 4(c and d) . The observed variation in biosensing parameters for the mNPs on G-rGO nanosheets can be attributed to the intrinsic electron transfer properties of the nanocomposite (Fig. 4(c) ). These biosensors can detect a minimum 1.0 fM concentration of cancer biomarker, and below this concentration sensors do not show a signicant change with zero concentration of biomarker. These nanocomposite-based electrodes can be used to detect low concentration (1 fM) of cancer biomarker (ErbB2) in the wide concentration range of 1 fM to 0.5 mM. Fig. 4(e) shows the variation of sensitivity determined for both bioinspired and chemically derived composites. For green derived G-mNPs@rGO composites, the high sensitivity was observed in case of the G-Au@rGO and G-Pd@rGO as compared to that of G-Ag@rGO and G-Pt@rGO. The sensitivity of the GmNPs@rGO composites for ErbB2 detection followed the order: G-Au@rGO > G-Pd@rGO > G-Pt@rGO > G-Ag@rGO. These results suggested that strong amide bonds between GrGO and anti-ErbB2, and interaction of the antibody with mNPs played an important role in the performance of these nanocomposites based biosensors. The chemically synthesized C-mNPs@rGO composites showed higher impedance signal as compared to that of G-mNPs@rGO due to non-uniform distribution of mNPs on C-rGO sheets causing hindrance to bulk electron diffusion from the electrolyte solution. The sensitivity of the chemically derived C-mNPs@rGO composites for ErbB2 detection followed the order: C-Pt@rGO > G-Pd@rGO > GAu@rGO > G-Ag@rGO.
The zeta potential value measured for G-Au@rGO (À2.31 mV) indicated decreased electrostatic attraction with antiErbB2, since anti-ErbB2 perhaps contributed to the negative charge of the biomolecule [Table S2 †] . 48 This perhaps facilitated enhanced loading of the ErbB2 antibodies on the surface of AuNPs compared to other nanoparticles. The lower zeta potential of the G-Au@rGO, as compared to other nanocomposites offered improved electrostatic interaction with the anti-ErbB2 and its coverage on the G-Au@rGO. In addition, GAu@rGO showed maximum cell viability as evidenced by cell proliferation studies offering the most favorable surface for anti-ErbB2 attachment compared to other nanocomposites resulting in increased sensitivity and stability of the device. The G-Ag@rGO showed a maximum surface charge of À19.0 mV that perhaps resulted in increased repulsion with anti-ErbB2 molecules and the enhanced toxicity of G-Ag@rGO composite caused loss of protein structure that perhaps led to low sensitivity as compared to that of other composites [Table S4 †]. The attachment of mNPs onto G-rGO resulted in improved electrochemical properties leading to better biosensor efficacy for cancer diagnostics compared to those reported in literature [Table S4 †] . [49] [50] [51] The lower impedance response of the BPE derived composites compared to those of derived chemically was due to uniform coverage of ultrane mNPs on G-rGO nanosheets, which enhanced electrochemical charge transfer. In addition, some of the residues of phytochemicals used in green reduction mentioned in Scheme S1 (ESI †) exhibited enhanced charge transfer properties leading to a decreased impedance signal. The bioinspired derived G-mNPs@rGO composites can thus be used to detect very low concentrations of cancer biomarker (1.0 fM) due to favorable conjugation with antibodies.
The binding kinetics of antibody-antigen interactions was analyzed using Hill plots as [ Fig. 4(f) and ESI †] . 52 The value of dissociation constant (K d ) followed the order: G-Ag@rGO > GAu@rGO > G-Pt@rGO > G-Pd@rGO for bioinspired and chemically derived composites. The higher K d of AgNPs@rGO was due to highly negatively charged AgNPs@rGO (À19.0 mV) composites (Table S2 †) . However, in case of the AuNPs on rGO sheets, the variability in shape (spherical, triangular and hexagonal) resulted in higher dissociation constants compared to PtNPs@rGO and PdNPs@rGO composites. The higher affinity of ErbB2 for immobilized antibody is an important factor in enhancing sensitivity and long-term stability of a biosensing device. Compared to chemically derived composites, the higher K a and n for all green derivative composites suggested higher affinity and the multilayer adsorption of antiErbB2 can be related to the green-corona formed in presence of phytochemicals coating on G-mNPs@rGO. The proteins phytochemicals absorbed on the surface of mNPs@rGO perhaps acted as "tentacles" assisting in the attachment of additional biomolecules. The excellent association constants (K a ) of green derivative mNPs-rGO as compared to chemically synthesized mNPs-rGO composites indicated stable conjugation of protein molecules, and greater stability in biological environments. The bioinspired G-mNPs@rGO based biosensors thus exhibited good stability, selectivity and reproducibility for detection of cancer biomarker (see ESI for more details †).
Conclusions
We have demonstrated a simple, environmentally friendly, and universal route for bioinspired synthesis of 'green-corona' assisted G-mNPs@rGO composites by green reduction for quantication of breast cancer biomarker (ErbB2). The phytochemicals present in BPE have acted both as a reducing, surface modifying and stabilizing agents of mNPs on the G-rGO nanosheets. The cytotoxicity tests have shown that formation of the 'green-corona' on the bioinspired derived G-mNPs@rGO resulted in improved properties of nanomaterials, providing a favorable surface for attachment of antibodies. The excellent electrochemical properties of these bioinspired green GmNPs@rGO composites have been used for development of a point-of-care device for breast cancer biomarker detection. The antibody conjugated mNPs-rGO composites have been found to be selective for human recombinant ErbB2 revealing a detection range of 1.0 fM to 0.5 mM of ErbB2. These biosensors are sensitive to femto-molar concentration and allow about three orders of magnitude wider range than the ELISA standard test for detection of breast cancer biomarker. The less toxic nature and protein compatible modied surface of GmNPs@rGO provides a suitable microenvironment for immobilization of antibody molecules with better electrical conductivity as compared to that of the C-mNPs@rGO. The stability of these biosensors has been found to be improved due to green reduction of bioinspired G-mNPs@rGO composites as compared to those prepared chemically. The reduced toxicity and high sensitivity combined with specicity of these synthesized G-mNPs@rGO composites is a promising approach for development of in vivo and in vitro biosensor applications. The green-corona on G-mNPs@rGO can be employed as an alternative for drug delivery systems, overcoming the challenge of effective adherence to the cell surface due to degradation and the conformational changes of absorbed proteins. 
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